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patellar tendon morphology in 
trans-tibial amputees utilizing a 
prosthesis with a patellar-tendon-
bearing feature
Kai-Yu Ho1*, Michelle Harty1, Jessica Kellogg1, Kelly teter1, Szu-ping Lee1, Yu-Jen chang2 & 
Gregory Bashford3
A patellar-tendon-bearing (ptB) bar is a common design feature used in the socket of trans-tibial 
prostheses to place load on the pressure-tolerant tissue. As the patellar tendon in the residual limb 
is subjected to the perpendicular compressive force not commonly experienced in normal tendons, 
it is possible for tendon degeneration to occur over time. the purpose of this study was to compare 
patellar tendon morphology and neovascularity between the residual and intact limbs in trans-tibial 
amputees and healthy controls. fifteen unilateral trans-tibial amputees who utilized a prosthesis 
with a PTB feature and 15 age- and sex- matched controls participated. Sonography was performed 
at the proximal, mid-, and distal portions of each patellar tendon. one-way AnoVAs were conducted 
to compare thickness and collagen fiber organization and a chi-square analysis was used to compare 
the presence of neovascularity between the three tendon groups. compared to healthy controls, both 
tendons in the amputees exhibited increased thickness at the mid- and distal portions and a higher 
degree of collagen fiber disorganization. Furthermore, neovascularity was more common in the tendon 
of the residual limb. our results suggest that the use of a prosthesis with a ptB feature contributes to 
morphological changes in bilateral patellar tendons.
There are an estimated 185,000 new amputations each year in the United States and 65% of persons living with 
limb loss had an amputation of the lower extremity, of which trans-tibial amputation accounts for more than 
50%1. After a trans-tibial amputation procedure, qualified amputees are fitted with a prosthesis allowing them to 
perform daily activities2. The patellar-tendon-bearing (PTB) bar is a common and functional prosthetic socket 
design feature used in individuals with trans-tibial amputation3. This design takes advantage of the patellar ten-
don as a weight-bearing structure due to its pressure tolerance and reduces loading to more pressure sensitive 
areas of the residual limb3. To bear weight, the prosthetic socket is designed with a convex contour that directs 
compressive forces to the patellar tendon region during weight- bearing activities4. This loading pattern is dis-
tinctly different from the tensile force a patellar tendon typically experiences during weight-bearing5. In this 
situation the patellar tendon of the residual limb experiences constant or intermittent perpendicular compression 
from the prosthetic socket as well as the typical tensile load4.
As the patellar tendon of the residual limb is subjected to a different loading condition, it is possible that 
tendon remodeling and degeneration can occur over time in trans-tibial amputees using prostheses with a PTB 
design. In animal models, abnormal perpendicular forces applied to tendons have been found to cause mor-
phological changes similar to those observed in a degenerative tendon6. These changes include collagen fiber 
disorganization, increased water content, increased glycosaminoglycan content, thinner collagen fibers, reduced 
overall collagen content, increased type II collagen, and reduced tendon stiffness6.
Using ultrasound imaging, several previous studies on non-amputees have demonstrated that chronic 
overloading of the patellar tendon causes gross morphological changes (increased tendon thickness7,8), 
intra-tendinous morphological changes (increased collagen fiber disorganization8), and neovascularity9,10. 
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Although these patellar tendon morphological abnormalities may develop in amputees using a prosthesis with a 
PTB feature, there is limited evidence to support a correlation. To date, only one preliminary study revealed that 
the patellar tendon is thicker in the residual limb of trans-tibial amputees11. However, there have been no com-
parisons of neovascularity and intra-tendinous and gross morphological changes in the patellar tendon between 
trans-tibial amputees using a PTB design and healthy controls. Therefore, the purpose of this study was to use 
sonography to compare patellar tendon morphology and neovascularity between the residual and intact limbs in 
unilateral trans-tibial amputees using a prosthesis with a PTB feature and healthy controls.
Methods
participants. Fifteen participants with trans-tibial amputation and 15 healthy controls participated (Table 1). 
Inclusion criteria for participants with unilateral trans-tibial amputation included (1) at least 18 years old, (2) 
had used a prosthesis with a PTB feature for a minimum of one year prior to the study, and (3) had utilized a 
prosthesis with a PTB feature for at least one hour of combined weight bearing (e.g. standing, walking, running, 
lower extremity weight-bearing resistance training) per day. Healthy controls were sex- and age-matched (within 
10% difference) to their amputee-counterparts and had at least one hour of combined weight bearing per day. 
Participants in the control group were excluded if they reported pain in the patellar tendon. In addition, partic-
ipants were excluded from the study if they were non-ambulatory. The data from an existing study was used to 
estimate the sample size for detecting changes in tendon morphology between normal and degenerative tendons8. 
With 95% power, an α level of 0.05, and a calculated effect size of 1.7, 11 participants would be needed to detect a 
difference in tendon morphology between healthy and injured tendons. However, 15 participants in each group 
were recruited due to the exploratory nature of this study. This study was approved by the Institutional Review 
Boards at the University of Nevada, Las Vegas (IRB # 1080294) and was performed in accordance with the rel-
evant guidelines/regulations. All participants provided written informed consent prior to data collection, per 
Institutional Review Board protocols.
instrumentation. High-resolution ultrasound images were acquired using a commercial ultrasound system 
(GE LOGIQ-e, GE Healthcare, Milwaukee, WI, USA) with its musculoskeletal knee preset. Brightness-mode 
images and power Doppler images were captured using a linear array transducer (GE 12L-RS, bandwidth 
5–13 MHz, width 38.4 mm) at a central frequency of 10 MHz and depth of 2 cm.
procedures. Data collection occurred in two consecutive phases. In the first phase, participants’ weight 
and height were measured. Participants with trans-tibial amputation were then asked to fill out the following 
questionnaires: Victorian Institute of Sport Assessment-Patellar Tendon (VISA-P)12, Prosthetic Evaluation 
Questionnaire (PEQ)13, and Prosthetic Limb Users Survey of Mobility (PLUS-M)14. Healthy controls were asked 
to fill out the VISA-P survey. The VISA-P is a reliable survey that evaluates knee pain/function specifically related 
to patellar tendon pathology15–17. The score of VISA-P ranges from 0 to 100 with lower scores indicating worse 
pain/function and a score lower than 80 is commonly used for the diagnosis of patellar tendinopathy16,17. The 
PEQ measures various domains of lower limb prosthesis use (e.g., ambulation, pain, and appearance) and has 
been found to be reliable13. The score range for each PEQ domain is from 0 and 100 with lower values indicating 
a worse outcome13. The PLUS-M is a valid, self-report instrument for measuring mobility in adults using lower 
limb prosthesis14. The PLUS-M T-score ranges from 21.8 to 71.4 and a higher score indicates better mobility14.
Immediately following survey completion, ultrasound imaging was used to obtain images of each participant’s 
patellar tendons on both limbs. Participants were seated with knees and hips flexed to 90° on the edge of a treat-
ment table8,18,19. While this testing position may place tension to the patellar tendon, it is deemed a reliable setup 
for examining gross and intra-tendinous morphology of the patellar tendon8,19. The investigator palpated and 
marked the tendon-patella junction (proximal portion) and tendon-tibial tuberosity junction (distal portion), 
Gender
Trans-tibial amputees (n = 15)
Healthy controls 
(n = 15)
P value3 Females; 12 Males 3 Females; 12 Males
Age, y 52.5 ± 19.1 51.4 ± 17.7 0.868
Height, cm 180.2 ± 9.1 176.3 ± 6.9 0.196
Weight, kg 93.0 ± 20.4 81.0 ± 13.0 0.064
Body mass index (BMI), kg/m2 28.7 ± 6.0 25.9 ± 2.8 0.114
VISA-P 70.3 ± 20.2 94.0 ± 5.4 0.000*
Side of amputation 7 Right, 8 Left NA NA
Years wearing prosthesis 15.9 ± 17.4 NA NA
Reason for amputation 2 infection; 3 peripheral artery disease; 9 trauma; 1 congenital defects with subsequent amputation NA NA
PEQ (Pain in residual limb) 68.5 ± 38.9 NA NA
PEQ (Ambulation) 80.3 ± 30.6 NA NA
PLUS-M T score 62.9 ± 11.3 NA NA
Table 1. Participants Characteristics. *Indicates a statistically significant difference between trans-tibial 
amputees and healthy controls using an independent t test.
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and identified the mid-point between the two bone-tendon junctions (mid-portion). To obtain tendon morphol-
ogy, longitudinal brightness-mode images were acquired at the proximal, mid-, and distal portions of the patel-
lar tendon. To identify neovascularity, tendons were assessed at the same three locations using power Doppler 
imaging (gain = 25) and images were captured if neovascularization was observed. Neovascularity was defined 
as visual evidence of red, pulsatile coloration indicating blood flow within the boundaries of the tendon20. To 
optimize the reliability and accuracy for the measurements of tendon morphology and neovascularity, all image 
acquisition was performed by the same trained investigator who applied minimal pressure to the patellar tendon 
during ultrasound imaging examination20.
Data analysis. All images were exported in JPEG format to a personal computer for the analyses of tendon 
thickness using ImageJ software (National Institutes of Health, Bethesda, MD, USA). The tendon thickness was 
measured on each longitudinal image (i.e., proximal, mid-, and distal portions), which was defined as the per-
pendicular distance between the borders that outline the patellar tendon (Fig. 1). Specifically, the thickness of the 
proximal portion was measured at the intersection of patellar tendon and the apex of the patella (Fig. 1A)21,22. The 
distal thickness was measured at the patellar tendon-tibial tuberosity intersection (Fig. 1C)23. the For mid-potion 
of the patellar tendon, the thickness was measured at the center of the mid-portion ultrasound image (mid-point 
between the tendon-patella and tendon-tibial tuberosity junctions) (Fig. 1B)21.
For analyses of the intra-tendinous morphology, a custom MATLAB program (Mathworks, Natick, MA, USA) 
was used to quantify collagen fiber organization on the longitudinal image of the mid-portion tendon. A region 
of interest (ROI) in the middle 50% of the tendon was manually outlined for the calculation of intra-tendinous 
morphology (Fig. 2). Within the ROI, 32 × 32 pixel kernels were extracted and all possible kernels were processed 
with a two-dimensional Fast Fourier Transform, from which the peak spatial frequency radius (PSFR) param-
eter was extracted. The intra-tendinous morphology analysis process has previously been described in full19,24. 
Typically, a lower PSFR reflects greater collagenous disarray, which is one underlying structural phenomenon of 
degeneration25. A higher PSFR reflects a greater collagenous density, which is associated with greater stiffness and 
elastic modulus24,26.
Figure 1. Measurement for tendon thickness: the distance between the borders of the patellar tendon was 
manually identified and quantified at the (A) proximal, (B) mid-, and (C) distal portions of the patellar tendon.
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Measurement reliability. To establish intra-rater reliability of tendon morphological measures (i.e., thick-
ness and PSFR), the investigators performed repeated measurements from five participants on two separate days, 
seven days apart. Intraclass correlation coefficients (ICCs) and standard errors of measurements (SEMs) were 
calculated. The investigators showed excellent measurement reliability and low SEMs for PSFR (ICC = 0.998; 
SEM = 0.00646 mm−1) and thickness (ICC = 0.984; SEM = 0.037 mm).
Statistical analyses. For participants with trans-tibial amputation, the patellar tendon morphological 
measurements of both limbs (residual and intact) were analyzed statistically. For healthy controls, tendon mor-
phological data of the side matching the residual limb of their amputee counterparts was used for statistical 
analyses. One-way ANOVAs and post-hoc analyses were conducted to compare patellar tendon thickness and 
collagen fiber organization between the three tendon groups (residual, intact, and control). A chi-square analysis 
was used to compare the frequency of the presence of neovascularity in the three tendon groups. All statistical 
analyses were performed with SPSS Statistics 24 for Windows (International Business Machines Corp, Armonk, 
NY, USA). A priori alpha was set at 0.05.
Results
participant characteristics. The participant characteristics are shown in Table 1. Both groups had sim-
ilar age, height, weight, body mass index (BMI), and sex proportion. However, the amputee participants had 
a significantly worse pain/function related to patellar tendon, evidenced by a lower VISA-P score (p < 0.001). 
Additionally, the average VISA-P score for healthy controls was 94 with the lowers score being 85, which indi-
cated that the healthy cohort’s patellar tendon was fairly healthy16,17. For participants with trans-tibial amputation, 
the main cause of amputation was trauma (60%), followed by peripheral artery disease (20%), infection (13%), 
and congenital defects (7%). The average years of wearing prosthesis was 15.9 years (1–50 years).
Gross morphology: tendon thickness. One-way ANOVAs revealed a statistically significant differ-
ence in the thickness at the mid- (p = 0.038) and distal (p = 0.014) portions of the patellar tendon. Compared 
to the tendons of healthy controls, the post-hoc analyses revealed that the patellar tendons were significantly 
thicker in both the residual and intact limbs of the trans-tibial amputees at the mid- (residual = 4.0 ± 0.6 mm 
vs. control = 3.5 ± 0.7 mm, p = 0.048; intact = 4.1 ± 0.7 mm vs. control = 3.5 ± 0.7 mm, p = 0.016) and distal 
(residual = 5.0 ± 1.2 mm vs. control = 4.0 ± 0.9 mm, p = 0.010; intact = 5.0 ± 1.1 mm vs. control = 4.0 ± 0.9 mm, 
p = 0.013) portions. The tendon thickness differences in the mid- and distal portions between the residual and 
intact limbs were not significant (mid-portion: p = 0.603 and distal portion: p = 0.916). In addition, the ANOVA 
revealed no statistically significant difference in proximal tendon thickness between the three tendon groups 
(p = 0.068) (Fig. 3).
intra-tendinous morphology: collagen fiber organization. There was a statistically significant 
difference in PSFR from one-way ANOVA (p = 0.003). Compared to the tendons in healthy controls, the 
post-hoc analyses revealed that the patellar tendons had a significant smaller PSFR in the residual and intact 
limbs of the trans-tibial amputees (residual = 1.97 ± 0.14 mm−1 vs. control = 2.08 ± 0.16 mm−1, p = 0.041; 
intact = 1.89 ± 0.13 mm−1 vs. control = 2.08 ± 0.16 mm−1, p = 0.001). The difference in tendon PSFR between the 
residual and intact limbs in amputees was not significant (p = 0.146) (Fig. 4).
neovascularity. Neovascularity was observed in eight tendons of the residual limbs (53.3%) and three ten-
dons of the intact limbs (20.0%) in 15 participants with trans-tibial amputation. Neovascularity was not observed 
in any tendon of the healthy controls (0 out of 30 limbs [0%]). Chi-square revealed a statistically significant dif-
ference in the frequency of the presence of neovascularity between the three tendon groups (X2 = 19.035; DF = 2; 
p < 0.001). Post-hoc analyses, examined by adjusted residuals, revealed that the neovascularity of the patellar 
tendon was statistically significantly more common in the residual limb (adjusted residual = 5.3).
Figure 2. Measurement for peak spatial frequency radius (PSFR) of the patellar tendon: a region of interest 
(ROI) in the middle 50% of the tendon was manually outlined and analyzed.
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Discussion
To the best of our knowledge, this is the first study to compare the morphological measures and neovascularity 
of the patellar tendon between the unilateral trans-tibial amputees and sex- and age-matched non-amputees. 
Our findings suggested that tendons in both legs of the amputee participants exhibited increased thickness at 
the mid- and distal portions and a higher degree of collagen fiber disorganization when compared to controls. 
Furthermore, neovascularity was more commonly observed in the patellar tendon of the residual limb.
From our data, it is speculated that both tendons in trans-tibial amputees might experience abnormal 
mechanical loading, which led to degenerative changes in gross and intra-tendinous morphology. In our study, 
the average PSFR values for the tendons in the residual and intact limbs were 1.97 mm−1 and 1.89 mm−1, respec-
tively. These values were lower than the PSFR of healthy patellar tendons (2.20–2.30 mm−1) reported by Pearson 
et al.18 and that of healthy tendons (2.08 mm−1) in the current study. Furthermore, the higher thickness observed 
in the patellar tendon of residual and intact limbs may be indicative of tendon degeneration, as suggested in the 
existing literature7,8. One potential contributing factor leading to altered morphology of the tendons in the resid-
ual and intact limbs was that the amputee participants had a slightly higher body weight and BMI, even though 
the differences were not statistically different between amputee participants and healthy controls (Table 1). Tas et 
al.27 have reported that obesity (BMI > 25 kg/m2) is related to an increase in patellar tendon thickness in healthy 
sedentary individuals. Furthermore, it has been found that the intact limb of trans-tibial amputees exhibits a 
higher knee extensor moment during walking compared to the residual limb, which is thought to result in higher 
tensile loading of the patellar tendon in the intact limb28. Thus, while only the tendon of the residual limb experi-
enced an abnormal perpendicular compressive force from the PTB feature, the speculated higher tensile loading 
experienced by the tendon of the intact limb during daily locomotion may cause morphological changes that are 
similar to those observed in the residual limb.
Additionally, the tendon of the residual limb in trans-tibial amputees using a PTB feature might develop more 
advanced degeneration, evidenced by a higher proportion of neovascularity in the tendon of residual limb. In 
Figure 3. The comparisons of patellar tendon thickness between the residual and intact limbs in trans-tibial 
amputees and healthy controls’ limbs. *Indicates a statistically significant difference from the control limb from 
ANOVA and post-hoc analyses.
Figure 4. The comparisons of peak spatial frequency radius (PSFR) between the residual and intact limbs in 
trans-tibial amputees and healthy controls’ limbs. *Indicates a statistically significant difference from the control 
limb from ANOVA and post-hoc analyses.
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our study, the observed proportion of neovascularity in the residual limb of trans-tibial amputees was higher 
than that reported in athletes with tendon degeneration (42%)10. The high incidence of neovascularity observed 
in the residual limb may be attributed to the abnormal perpendicular compressive loading from the PTB feature. 
Convery and Buis29 have demonstrated that the peak pressure to the patellar tendon load-bearing area in such 
designs can be in excess of 100 kPa, thereby damaging the focal tissues in this region. The high pressure from the 
PTB feature of the socket may also contribute to the localized tendon thickening, particularly in the mid- to distal 
portion of the patellar tendon.
With respect to the comparisons of tendon thickness in trans-tibial amputees between our work and exist-
ing literature, our findings did not agree with the results reported by Ozcakar et al.11 showing that the tendon 
thickness on the residual limb is greater than that of the intact limb. The inconsistent findings between our work 
and Ozcakar et al.’s study may be explained by different age (Ozcakar et al.: 28.6 ± 6.1 years vs. current work: 
52.5 ± 19.1 years) and years of wearing prosthesis (Ozcakar et al.: 4.9 ± 6.1 years vs. current work: 15.9 ± 17.4 
years) between the participants of the two studies. In our study, the similar tendon thickness observed in the 
residual and intact limbs may be related to the fact that both tendons of our amputee participants were subjected 
to abnormal mechanical loading for a longer period of time.
The present study has several limitations that should be recognized. First, although a lower PSFR value was 
observed in both tendons of residual and intact limbs, the exact cut-off PSFR value defining the abnormal ten-
don intra-tendinous morphology remains unknown. Nevertheless, the data presented in this study provides 
important information regarding the intra-tendinous morphological changes in the patellar tendon of unilateral 
trans-tibial amputees who use a prosthesis with a PTB feature. Second, most of our amputee participants had 
trauma as their cause of amputation (60%). As peripheral vascular disease is the primary cause of lower extrem-
ity amputation in general population (over 70%)30, our data may not be representative of the entire trans-tibial 
amputee population. Third, the participants’ knee was placed at 90° of flexion during the ultrasound imaging 
examination. This position might cause compression of small blood vessels20, thereby underestimating the rate 
of neovascularity observed in our participants. Thus, caution should be made when comparing our findings to 
those that are conducted at a less flexed knee position. Furthermore, while all participants were included only 
when they had at least one hour of weight bearing per day, we did not collect specific data regarding participant’s 
physical activity level during daily living. Therefore, it is unclear if the tendon morphological data reported in 
this study was affected by participant’s physical activity level. As trans-tibial amputees are often reported with a 
lower physical activity level when compared with healthy individuals31, the suspected reduced accumulative limb 
loading from lower physical activity level might somewhat be counterbalanced by increased loading resulting 
from a higher body weight observed in our amputee participants. Due to the fact that the tendon loading was 
not quantified in this study, future research should use a longitudinal design and more precise measure of tendon 
loading to examine the effect of chronic loading on patellar tendon morphology.
In conclusion, we observed that both tendons in the amputee participants exhibited increased thickness at the 
mid- and distal portions and a higher degree of collagen fiber disorganization when compared to healthy controls. 
Furthermore, neovascularity was more commonly observed in the tendon of residual limb. Our results suggest 
that the use of a prosthesis with a PTB feature contributes to degenerative, morphological changes in bilateral 
patellar tendons and neovascularity in the residual tendon of unilateral trans-tibial amputees.
Received: 5 June 2019; Accepted: 22 October 2019;
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References
 1. Ziegler-Graham, K., MacKenzie, E. J., Ephraim, P. L., Travison, T. G. & Brookmeyer, R. Estimating the prevalence of limb loss in the 
United States: 2005 to 2050. Archives of physical medicine and rehabilitation 89, 422–429 (2008).
 2. Kitowski, V. J., Appel, M. F. & Haslam, T. Prosthetic fitting immediately after below-knee amputation. South Med J 68, 739–742 
(1975).
 3. Kim, W. D., Lim, D. & Hong, K. S. An evaluation of the effectiveness of the patellar tendon bar in the trans-tibial patellar-tendon-
bearing prosthesis socket. Prosthet Orthot Int 27, 23–35, https://doi.org/10.3109/03093640309167974 (2003).
 4. May, B. J. & Lockard, M. A. Prosthetics & orthotics in clinical practice: a case study approach. (FA Davis, 2011).
 5. Johnson, G. A. et al. Tensile and viscoelastic properties of human patellar tendon. J Orthop Res 12, 796–803, https://doi.org/10.1002/
jor.1100120607 (1994).
 6. Vogel, K. G. & Koob, T. J. Structural specialization in tendons under compression. Int Rev Cytol 115, 267–293 (1989).
 7. Ho, K. Y. & Kulig, K. Changes in water content in response to an acute bout of eccentric loading in a patellar tendon with a history 
of tendinopathy: A case report. Physiother Theory Pract 32, 566–570, https://doi.org/10.1080/09593985.2016.1206646 (2016).
 8. Kulig, K. et al. Patellar tendon morphology in volleyball athletes with and without patellar tendinopathy. Scand J Med Sci Sports 23, 
e81–88, https://doi.org/10.1111/sms.12021 (2013).
 9. Tan, S. C. & Chan, O. Achilles and patellar tendinopathy: current understanding of pathophysiology and management. Disabil 
Rehabil 30, 1608–1615, https://doi.org/10.1080/09638280701792268 (2008).
 10. Cassel, M. et al. Prevalence of Achilles and patellar tendinopathy and their association to intratendinous changes in adolescent 
athletes. Scand J Med Sci Sports 25, e310–318, https://doi.org/10.1111/sms.12318 (2015).
 11. Ozcakar, L., Komurcu, E., Safaz, I., Goktepe, A. S. & Yazicioglu, K. Evaluation of the patellar tendon in transtibial amputees: a 
preliminary sonographic study. Prosthet Orthot Int 33, 324–328, https://doi.org/10.3109/03093640903171010 (2009).
 12. Mendonca Lde, M. et al. The Accuracy of the VISA-P Questionnaire, Single-Leg Decline Squat, and Tendon Pain History to Identify 
Patellar Tendon Abnormalities in Adult Athletes. J Orthop Sports Phys Ther 46, 673–680, https://doi.org/10.2519/jospt.2016.6192 
(2016).
 13. Legro, M. W. et al. Prosthesis evaluation questionnaire for persons with lower limb amputations: assessing prosthesis-related quality 
of life. Arch Phys Med Rehabil 79, 931–938 (1998).
 14. Hafner, B. J. et al. Construct Validity of the Prosthetic Limb Users Survey of Mobility (PLUS-M) in Adults With Lower Limb 
Amputation. Arch Phys Med Rehabil 98, 277–285, https://doi.org/10.1016/j.apmr.2016.07.026 (2017).
 15. Visentini, P. J. et al. The VISA score: an index of severity of symptoms in patients with jumper’s knee (patellar tendinosis). Victorian 
Institute of Sport Tendon Study Group. J Sci Med Sport 1, 22–28 (1998).
7Scientific RepoRtS |         (2019) 9:16392  | https://doi.org/10.1038/s41598-019-52747-9
www.nature.com/scientificreportswww.nature.com/scientificreports/
 16. Kregel, J., van Wilgen, C. P. & Zwerver, J. Pain assessment in patellar tendinopathy using pain pressure threshold algometry: an 
observational study. Pain Med 14, 1769–1775, https://doi.org/10.1111/pme.12178 (2013).
 17. Zwerver, J. [Patellar tendinopathy (‘jumper’s knee’); a common and difficult-to-treat sports injury]. Ned Tijdschr Geneeskd 152, 
1831–1837 (2008).
 18. Pearson, S. J., Engel, A. J. & Bashford, G. R. Changes in tendon spatial frequency parameters with loading. J Biomech 57, 136–140, 
https://doi.org/10.1016/j.jbiomech.2017.03.017 (2017).
 19. Kulig, K., Oki, K. C., Chang, Y. J. & Bashford, G. R. Achilles and patellar tendon morphology in dancers with and without tendon 
pain. Med Probl Perform Art 29, 221–228 (2014).
 20. McCreesh, K. M., Riley, S. J. & Crotty, J. M. Neovascularity in patellar tendinopathy and the response to eccentric training: a case 
report using Power Doppler ultrasound. Man Ther 18, 602–605, https://doi.org/10.1016/j.math.2012.09.001 (2013).
 21. Giacchino, M. et al. Quantitative analysis of patellar tendon size and structure in asymptomatic professional players: sonographic 
study. Muscles Ligaments Tendons J 7, 449–458, https://doi.org/10.11138/mltj/2017.7.3.449 (2017).
 22. Zhang, Z. J., Ng, G. Y. & Fu, S. N. Effects of habitual loading on patellar tendon mechanical and morphological properties in 
basketball and volleyball players. Eur J Appl Physiol 115, 2263–2269, https://doi.org/10.1007/s00421-015-3209-6 (2015).
 23. Pereira, C. S., Santos, R. C. G., Whiteley, R. & Finni, T. Reliability and methodology of quantitative assessment of harvested and 
unharvested patellar tendons of ACL injured athletes using ultrasound tissue characterization. BMC Sports Sci Med Rehabil 11, 12, 
https://doi.org/10.1186/s13102-019-0124-x (2019).
 24. Bashford, G. R., Tomsen, N., Arya, S., Burnfield, J. M. & Kulig, K. Tendinopathy discrimination by use of spatial frequency 
parameters in ultrasound B-mode images. IEEE Trans Med Imaging 27, 608–615, https://doi.org/10.1109/TMI.2007.912389 (2008).
 25. Docking, S. I., Ooi, C. C. & Connell, D. Tendinopathy: Is Imaging Telling Us the Entire Story? J Orthop Sports Phys Ther, 1–27, 
https://doi.org/10.2519/jospt.2015.5880 (2015).
 26. Kulig, K., Chang, Y. J., Winiarski, S. & Bashford, G. R. Ultrasound-Based Tendon Micromorphology Predicts Mechanical 
Characteristics of Degenerated Tendons. Ultrasound in medicine & biology 42, 664–673, https://doi.org/10.1016/j.
ultrasmedbio.2015.11.013 (2016).
 27. Tas, S. et al. Patellar tendon mechanical properties change with gender, body mass index and quadriceps femoris muscle strength. 
Acta Orthop Traumatol Turc 51, 54–59, https://doi.org/10.1016/j.aott.2016.12.003 (2017).
 28. Nolan, L. & Lees, A. The functional demands on the intact limb during walking for active trans-femoral and trans-tibial amputees. 
Prosthet Orthot Int 24, 117–125, https://doi.org/10.1080/03093640008726534 (2000).
 29. Convery, P. & Buis, A. W. Conventional patellar-tendon-bearing (PTB) socket/stump interface dynamic pressure distributions 
recorded during the prosthetic stance phase of gait of a trans-tibial amputee. Prosthet Orthot Int 22, 193–198, https://doi.
org/10.3109/03093649809164484 (1998).
 30. Lazzarini, P. A., Clark, D. & Derhy, P. H. What are the major causes of lower limb amputations in a major Australian teaching 
hospital? The Queensland Diabetic Foot Innovation Project, 2006–2007. Journal of Foot and Ankle Research 4, https://doi.
org/10.1186/1757-1146-4-s1-o24 (2011).
 31. Paxton, R. J., Murray, A. M., Stevens-Lapsley, J. E., Sherk, K. A. & Christiansen, C. L. Physical activity, ambulation, and comorbidities 
in people with diabetes and lower-limb amputation. Journal of rehabilitation research and development 53, 1069–1078, https://doi.
org/10.1682/JRRD.2015.08.0161 (2016).
Acknowledgements
This study was supported by University of Nevada, Las Vegas Faculty Opportunity Award and University of 
Nevada, Las Vegas Physical Therapy Student Opportunity Research Grant. The publication fees for this article 
were supported by the University of Nevada, Las Vegas University Libraries Open Article Fund. The authors 
would like to thank Allina Cummins and Daniel Krist for their assistance in data acquisition.
Author contributions
All authors contributed to the edits and final approval of this article and K.H. contributed to the majority of 
writing and editing. The study framework was designed by K.H., S.L. and Y.C. Data acquisition was performed 
by M.H., J.K. and K.T. Data analysis was done by K.H., M.H., J.K. and K.T. Data interpretation was done by K.H., 
S.L., Y.C. and G.B.
competing interests
The authors declare no competing interests.
Additional information
Correspondence and requests for materials should be addressed to K.-Y.H.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
